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Abstract 
Saturable absorption (SA) of film composites based on carboxymethylcellulose (CMC) polymer with single-walled carbon 
nanotubes (SWNTs) and graphene (GR) was studied by the Z-and P-scan methods with femtosecond probing pulses at a 
wavelength of 1.06 ȝm. The values of the saturation intensities for composites GR-CMC and SWNT-CMC were determined. The 
optical and thermal damage thresholds of the composites were measured. Q-switching stability limits for passive mode locking in 
fiber laser with SWNT-CMC SA were analyzed. 
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1. Introduction 
Laser mode locking with saturable absorbers based on single-walled carbon nanotubes and graphene has recently 
attracted considerable attention. The main advantage of such materials is a fast relaxation time associated with 
dynamics of carries in the intraband and interband transitions [Styers-Barnett et al. (2008), Sun et al. (2010)]. 
Thereby SWNTs can be used as a fast saturable absorber to generate ultrashort pulses. The advantages of these 
carbon nanostructures also include significant saturable absorption, resistance to optical radiation, and as in the case 
with the SWNT, the ability to modify the absorption spectrum [Kataura et al. (1999)]. Intracavity modulators with 
SWNT and GR for passive mode locking are used in fiber and distributed solid state lasers over a wide wavelength 
range from 0.8 to ~ 2 μm [Chen et al. (2002), Song et al. (2010)]. This range is determined by the spectral 
characteristics of the SWNT and graphene, which have significant absorption in this region of the spectrum. In this 
paper, we studied the saturable absorption and optical damage threshold of GR- and SWNT containing polymer 
films by Z- and P-scan methods with femtosecond probing at a wavelength of 1060 nm. The combination of the two 
methods provides a more accurate estimate for the saturation fluence and the damage threshold of the polymer 
composite. In addition, the thermal thresholds of the polymer films were measured using cw laser at the wavelength 
1.07 μm. The critical fluence of transition between the regimes of cw mode locking and Q-switch mode locking 
(QML) has been estimated for laser with SWNT-CMC SA film. This value is close to the damage threshold of the 
sample. 
2. Experiment and discussion 
SWNTs of diameter 1.05±0.15 nm from Carbon Nanotechnologies Inc. produced by HiPCO method were used. 
Graphene has been synthesized by exfoliation of a fluorinated graphite intercalation compound using a technique 
previously developed by Lee et al. (2010). As a matrix, the water soluble polymer, based on carboxymethylcellulose 
(CMC) sodium salt, was used. The method of the film preparation of the composites film with SWNTs and GR 
preparation was described earlier by Khudyakov et al. (2009). The film thickness was 10 and 15 ȝm for SWNT and 
GR-CMC composites, correspondingly. The Raman spectrum was obtained with a laser excitation wavelength of 
514.5 nm. The 2D band on the Raman spectrum of the GR-CMC film has a single Lorentzian lineshape with a 
maximum intensity at 2709 cmг1 and FWHM of 84 cmг1 (Fig. 1). The double-resonant 2D spectral mode is used to 
diagnose the number of layers in the graphene. An estimate of the number of graphene layers in a single-sheet 
present in the GR-CMC film using the Raman spectrum gave values from 4 to 10 layers [Ferrari et al. (2006)]. 
 
 
Fig.1. Raman spectrum of GR-CMC film composite. 2D-band region. 
The optical saturation absorption of SWNT- and GR-CMC composites were measured by P- and Z-scan 
techniques. The experimental setup is shown in Fig.2. For probing the fiber laser with 1 MHz repetition rate at 
wavelength 1.06 ȝm generated 400 fs pulses was used. The single pulse energy on output of the laser was 1 ȝJ. Z-
scans were performed in the usual scheme with an open aperture to record only nonlinear absorption [Sheik-Bahae et 
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al. (1990)]. The average laser power was varied by neutral filters F. The laser beam was focused by the lens L1 with 
a focal length 24 cm in the sample area. The sample Sp could be moved alone the laser beam near the waist. The 
average power transmitted through the sample was recorded by the photodiode D1. To measure the laser power 
which is incident on the sample, the reference channel with the photodiode D2 was used. To eliminate the influence 
of thermal lens and nonlinear refraction, all the radiation passed through the sample was focused by a lens L2 into 
the aperture of the photodiode D1. 
 
 
Fig.2. Experimental setup for P- and Z-scan. G - Glan polarizer; F - neutral filter; L1, L2 - lenses; Sp - sample film; D1, D2, photodiodes. 
Using the z-scan method, we recorded a change of optical transmittance when the sample moved along the 
focused laser beam. The experiments were made for different pulse energy to construct dependence of the sample 
transmittance on incident pulse fluence. In the case of P-scan, a sample was positioned exactly in the beam waist. 
The energy of the probe pulses was varied continuously by rotation of the half-wave plate in front of the Glan–
Thomson prism. Figure 3 shows the transmittances of the SWNT-CMC film sample versus pulse fluence, were 
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where EA is incident pulse energy; r0 is the radius of the beam waist at e-2 intensity level. Because of light absorption 
and scattering of thermal power in the sample, at critical fluence of the incident radiation the polymer composite can 
be damaged. The optical destruction occurred when the pulse fluence exceeded 320 and 600 ȝJcm2 for SWNTs- 
and GR-containing composites, correspondingly. 
 
 
Fig.3. Transmittance of SWNT-CMC film composite as a function of pulse fluence and approximation by using Eq. (2). 
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where T(F) is transmittance of the composite film corrected on the trasmittance of pure CMC film; ǻT is 
transmittance change due to saturable absorption; TNS is the nonsaturated part of the transmission; FS,A. is the 
saturation fluence of the absorber. The results of the experimental curves approximation are presented in Table 1. As 
Table 1 shows, the saturation fluence for the two experimental techniques related to one polymer composite is the 
same within an experimental error. The measured saturated fluences are comparable with the values obtained from 
other sources under the same conditions. For the GR-CMC composite value of the saturation fluence is more than 
the order magnitude, higher than for SWNT-CMC film and comparable with the optical damage threshold. 
Table 1. Data for GR-CMC and SWNT-CMC composites measured by Z- and P-scan 
Sample/Method of 
measurement 
TNS, % ǻT, % FS,A, μJ/cm2 Fdest, μJ/cm2 
GR-CMC/Z-scan 32.1 1.3 680±200 
600 
GR-CMC/P-scan 32.5 1.7 800±160 
SWNT-CMC/Z-scan 70.9 2.58 20.4±6.4 
320 
SWNT-CMC/P-scan 69.8 2.74 14±6.4 
The thermal damage threshold of film composites was measured with the cw fiber laser at a wavelength of 
1.07 ȝm. The laser spot diameter on the samples was 6 ȝm. An optical destruction occurred when the average power 
exceeded 20 mW and 56 mW for samples with absorption 19% and 7%, correspondingly. The burning power 
dependence on sample's absorption shows a thermal effect. The corresponding absorbed power was 3.8 and 3.92 
mW. The critical average intensity for thermal burning in this case was determined as 18±1 kW/cm2. 
Saturable absorbers are used in lasers for stabilization and self-starting of pulsed generation. However, as shown 
by Honninger et al. (1999), SA introduction into the cavity may also lead to Q-switch instability. QML means that 
the pulse energy is modulated with a Q-switch envelope. The criterion for stability against QML is written as 
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where Fp – pulse fluence on the SA, T – saturable transmittance coefficient, TR – the cavity round-trip time, ĲL – the 
upper-state lifetime of the laser medium, Fsat,L – saturation fluence of the gain, Aeff,A and Aeff,L – effective mode area 
on the SA and in the active fiber. The transition between the regimes of cw mode locking and Q-switched mode 
locking occurs at critical fluence FCR when both sides of (3) are equal. In the paper, we estimated the critical fluence 
FCR for pulsed laser with SWNT-CMC SA. Fig. 4 shows the ratio of the critical fluence to saturation fluence 
K=FCR/FS,A for the SWNT-CMC film versus spot diameter of incident radiation. For the calculation of dT/Fp the 
expression (2) and experimental data from Table 1 were used. As shown in Fig.4 with decreasing of spot diameter 
and pulse energy the ratio K increases. At the point A in Fig. 4 critical fluence achieves the optical damage 
threshold. Therefore SWNT-CMC SA cannot be used at laser spot diameter less than 51 ȝm and pulse energy less 
than 6.5 nJ. The critical fluence decreases with the increase of laser spot diameter, however, the pulse energy is 
increasing correspondingly. In the case of all-normal dispersion fiber lasers, the typical intracavity pulse energy is 
about 10 nJ. For this value of pulse energy, the critical fluence is approximately 200 μJ/cm2. It is 10-15 times more 
than saturation fluence of the SWNT-CMC sample, but less than the optical damage threshold 320 μJ/cm2. 
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Fig.4. Ratio of the fluences K for sample SWNT-CMC and the corresponding pulse energy versus spot diameter on SA. 
3. Conclusions 
The values of the saturation fluence and optical damage thresholds of the film composites with SWNTs and 
graphene have been measured by femtosecond Z- and P-scan at a wavelength of 1.06 ȝm. The saturation fluence of 
GR-CMC film is more than one order of magnitude higher than for SWNT-CMC film. The critical fluence of 
transition between the regimes of cw mode locking and Q-switch mode locking has been estimated for laser with 
SWNT-CMC film. It is 10-15 times more than saturation fluence of the sample and is close to the damage threshold. 
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